Mapping of hemoglobin in erythrocytes and erythrocyte ghosts using two photon excitation fluorescence microscopy," J. Biomed. Opt. 22(2), 026003 (2017) Abstract. The present study describes utilization of two photon excitation fluorescence (2PE) microscopy for visualization of the hemoglobin in human and porcine erythrocytes and their empty membranes (i.e., ghosts). High-quality, label-and fixation-free visualization of hemoglobin was achieved at excitation wavelength 730 nm by detecting visible autofluorescence. Localization in the suspension and spatial distribution (i.e., mapping) of residual hemoglobin in erythrocyte ghosts has been resolved by 2PE. Prior to the 2PE mapping, the presence of residual hemoglobin in the bulk suspension of erythrocyte ghosts was confirmed by cyanmethemoglobin assay. 2PE analysis revealed that the distribution of hemoglobin in intact erythrocytes follows the cells' shape. Two types of erythrocytes, human and porcine, characterized with discocyte and echinocyte morphology, respectively, showed significant differences in hemoglobin distribution. The 2PE images have revealed that despite an extensive washing out procedure after gradual hypotonic hemolysis, a certain amount of hemoglobin localized on the intracellular side always remains bound to the membrane and cannot be eliminated. The obtained results open the possibility to use 2PE microscopy to examine hemoglobin distribution in erythrocytes and estimate the purity level of erythrocyte ghosts in biotechnological processes.
Mapping of hemoglobin in erythrocytes and erythrocyte ghosts using two photon excitation fluorescence microscopy Katarina Two photon excitation fluorescence (2PE) microscopy as an advanced technique offers the possibility for noninvasive, label-free high resolution imaging of living cells and deep tissues by using the fluorescence emission from the endogenous fluorescent molecules. [1] [2] [3] The near-infrared radiation generates 2PE signals of endogenous fluorophores, such as tryptophan, riboflavines, nicotinamides, collagen, elastin, and so on, and thus provides rich morphological and biochemical information of biological systems. [4] [5] [6] Less investigated and reported is the intrinsic fluorescence of hemoglobin, the main intracellular component of erythrocytes, which emits a strong Soret fluorescence with the peak at 438 nm upon two-photon excitation by femtosecond pulses in red and near-infrared region (600 to 750 nm). 7, 8 Such optical properties of hemoglobin opened the possibility to use 2PE microscopy as a tool for label-free imaging of erythrocytes, even in vivo. 9 In addition to the well-known physiological functions of erythrocytes, they serve as a natural blood compartment participating at the same time in biodistribution, metabolism, and action of certain drugs. 10 Furthermore, intentional usage of human and animal erythrocytes, erythrocyte membranes (i.e., ghosts), and their nanoderivatives presents modern approach in terms of prolonged and controlled drug delivery systems. [11] [12] [13] [14] Recently, we have reported the production of drug encapsulated porcine and bovine erythrocyte ghosts by gradual hypotonic hemolysis in much higher quantities than those described in literature so far. 13 However, it was noted that after the hemolysis process a certain amount of hemoglobin remains in the final suspension of the resulting erythrocyte ghosts. 13 The fraction of this so called residual hemoglobin, which cannot be easily eliminated from the system, significantly affects subsequent encapsulation processes and encapsulated drug releasing profile. 15 Although this residual hemoglobin can be determined by the spectrophotometric method (e.g., cyanmethemoglobin method), data on spatial distribution of hemoglobin at the single cell level in erythrocytes and remaining erythrocytes ghosts are scarce. Demonstrated spatial redistribution of hemoglobin throughout intact erythrocytes in patients with vascular disorders 16 promotes the importance of this parameter monitoring in disease diagnosis as well.
Based on the aforementioned wide applicability of erythrocytes in biomedical research and diagnostic tests, it is important to have a reliable microscopy method for single cell analysis, including spatial distribution of hemoglobin. Although phase contrast microscopy traditionally represents a fast method for tracking changes of erythrocytes during the gradual hypotonic hemolysis and appearance of erythrocyte ghosts, 17, 13, 18 it does not provide enough information for detailed morphological analysis. Unlike the phase contrast microscopy that visualizes all the changes of the index of refraction regardless of their origin, 2PE microscopy has high chemical selectivity, thus enabling the visualization of the distribution of certain chemical compounds. Confocal microscopy, scanning electron microscopy, transmission electron microscopy, and atomic force microscopy are considered as the most powerful tools for structural analysis of various cells, including erythrocytes. However, these methods mandatorily include cell fixation and/or labeling which might influence the fragile cell structure. 19 So far, large numbers of optical microscopic techniques have been utilized for erythrocyte imaging. Comparative study of stained cells by confocal and unstained cells by holographic microscopy has been elaborated as shown in the work of Rappaz et al. 20 Scanning microphotolysis (Scamp), also referred to as fluorescence recovery after photobleaching, has been employed for erythrocyte examination either in a linear 21 or in a two photon, i.e., nonlinear, regime. 22 Volumetric imaging of erythrocytes using photoacoustic microscopy has been described by Shelton et al., 23 while the same method in combination with confocal microscopy is used for hemoglobin oxygen saturation measurements., as shown by Wang et al. 24 2PE was combined with stimulated Raman scattering for hemoglobin imaging in mouse retina. 25 Even second harmonic generation (SHG) microscopy, usually accompanied with 2PE as another modality of nonlinear microscopy, has been utilized for label free imaging of human erythrocytes membrane exposed to various glucose concentrations in phosphate buffered saline (PBS). 26 In addition to demonstration of the imaging possibilities of hemoglobin by the aforementioned techniques, 2PE has recently been applied in examination of particular biomedical problems related to erythrocytes: tracking blood vessels within the tissues 27 and photophysical characterization of sickle cell disease hemoglobin. 28 In this work, we report label-free imaging of two kinds of erythrocytes, porcine and outdated human ones, at single cell level by 2PE microscopy, with the specific aim of investigating the spatial distribution (i.e., for mapping) of hemoglobin within intact erythrocytes and residual hemoglobin in erythrocyte membranes obtained after a gradual hypotonic hemolysis process. Furthermore, the quantity of residual hemoglobin was determined by analysis of 2PE images relative to the hemoglobin concentration in intact erythrocytes. This investigation opens the possibility to use 2PE microscopy as a tool for quality assessment of erythrocytes and erythrocyte membranes as a starting material in various biotechnological processes, such as the production of erythrocyte-based drug delivery systems 13, 15 or isolation of hemoglobin. 18, 29 Additionally, 2PE microscopy could help in revealing the ability of erythrocyte membranes, originating from different species, to bind different amounts of hemoglobin. Since various processes require various levels of purity, this information is important for the selection of raw material.
Materials and Methods

Blood Samples
Porcine slaughterhouse blood and human outdated blood were used as starting biological materials. Porcine blood was taken from the jugular veins of Swedish Landrace swine and collected in a sterile glass bottle with 3.8% sodium-citrate as an anticoagulant, at slaughterhouse "PKB Imes" in Belgrade, Serbia. Blood samples were transported at ambient temperature and processing started 2 h after the collection. The outdated human erythrocyte concentrates were from the Institute for Transfusiology and Hemobiology, Military Medical Academy, Belgrade, Serbia. The erythrocytes were enriched by the standard procedure and preserved in saline-adenine-glucosemannitol solution (each 100 mL contains 0.900 g dextrose monohydrate, 0.877 g sodium chloride, 0.0169 g adenine, and 0.525 g mannitol) for 42 days at 4°C. The outdated cell packs were anonymized prior to distribution, and the link to the donor was broken. If not used for the research, the cell packs would have been discarded.
Preparation of Erythrocytes and Erythrocyte
Membranes (i.e., Ghosts)
Both porcine and human erythrocytes were precipitated by blood centrifugation at 2450 × g for 20 min at 4°C. The plasma and leucocytes were carefully discarded by vacuum aspiration. The precipitated erythrocytes were resuspended in isotonic saline solution (0.9% NaCl), washed twice by centrifugation, and finally resuspended in an isotonic PBS, pH 7.2 to 7.4 (0.8% saline buffered with 10 mM sodium phosphate). Porcine and human erythrocyte ghosts were prepared by gradual hypotonic hemolysis 13, 29 by using hypotonic 35-mM sodium phosphate/NaCl buffer for porcine and 5-mM sodium phosphate buffer for human erythrocytes (30 min, flow rate 150 mL∕h.) After the hemolysis, the erythrocyte ghosts were precipitated by 40 min centrifugation at 3220 × g, at 4°C. Erythrocyte ghosts were washed out three times in the buffer solution used for hemolysis and finally in PBS solution. Concentration of hemoglobin in suspensions of erythrocytes and residual hemoglobin in erythrocyte ghosts were determined by the cyanmethemoglobin method. 30 To quantify residual hemoglobin, prior to the determination of the concentration, erythrocyte ghosts were dispersed in 1 mL of isotonic PBS containing 1% w/w of Triton X100 detergent.
Experimental Setup for 2PE
The homemade two-photon microscopy experimental setup is similar to that reported in our previous study. 31 The schematic of the setup is given in Fig. 1 . The train of the femtosecond Con.
Bulb Fig. 1 Schematic of the imaging system: Ti:Sa, Ti:Sapphire laser, VNDF, variable neutral density filters, GSM, galvo scanning mirrors, L1 and L2, lenses, DM, dichroic mirror (short pass), Obj., microscope objective, Sam., sample, Con., condenser, Bulb, bulb for bright-field imaging illumination, TL, tube lens, BS/M, beam splitter or mirror, Cam., camera, F, filter, PMT, photomultiplier tube.
Journal of Biomedical Optics 026003-2 February 2017 • Vol. 22 (2) pulses is generated by the Ti:Sapphire laser (Coherent, Mira 900-F). The repetition rate is 76 MHz, and pulse duration is 160 fs. The galvoscanning mirrors (Cambridge Technologies, 6215H) are used to raster-scan the samples. The laser beam is expanded in order to fill the entrance pupil of an objective (Carl Zeiss, EC Plan-NEOFLUAR, 40 × ∕1.3 oil). A short-pass dichroic mirror (Thorlabs, M254H45) reflects the laser beam toward the objective, and transmits the signal toward the camera (Canon, EOS 50D) and the photomultiplier tube (PMT) (RCA, PF1006). The tube lens forms the sample image on the camera and/or PMT. The camera is used to take the bright-field image of the samples (green light in Fig. 1 ). The high intensity fluorescence can be seen by camera (blue light in Fig. 1 ). The commercial cameras usually have an infrared blocking filter. We removed this filter from our camera in order to see the backscattering/backreflection of the laser spot from the sample/cover slip which facilitated the alignment of the system. This is possible due to the fact that a small portion of the laser light leaks through the dichroic mirror (leakage of the laser is not shown in Fig. 1 ). A drawback of the infrared filter removing is the false coloring of the bright-field images. Thus, our brightfield images are greenish.
A beam-splitter or the mirror is used to reflect part of the signal or the complete signal to the PMT. An interference filter in front of the PMT removes scattered laser light. This filter is transparent for visible (415 to 685 nm) light, while blocking the IR and UV. Since the excitation wavelength is chosen in such a way that fluorescent signal comes predominantly from hemoglobin (Soret fluorescence), using the broadband filter ensures that all the fluorescent light will be collected, even from the wings of the fluorescent spectrum which is important in the case of relatively low excitation efficiency (see Sec. 2.4). This provides good signal-to-noise ratio and high contrast of images. Erythrocytes (hematocrit 5%, i.e., 5% suspension) and ghosts in the amount of 20 μL were allowed to settle onto a microscopic slide. Afterward, coverslips were put above settled cells and fixed to microscope slides. Imaging of erythrocytes and erythrocyte ghosts was performed at 730-nm excitation wavelength.
Excitation Wavelength
The excitation wavelength is of the great importance in this study and it has to be carefully selected according to its availability and the properties of the samples. Selection of the wavelength can significantly affect the chemical selectivity of the imaging, providing excitation of the specific and desired objects, and quality of the images by means of excitation efficiency and fluorescence strength. The excitation wavelength in this study is selected to be 730 nm by the following criteria:
-We have tested different excitation wavelengths within a Ti:Sapphire laser tuning range (700 to 1000 nm). Our excitation spectrum is consistent with the spectrum shown in study of Zheng et al., 7 i.e., the excitation is the most efficient for the shortest wavelengths.
-The 2PE signal from hemoglobin at 650-nm excitation wavelength is reported to be more efficient 7 but we were not able to utilize shorter wavelengths than 700 nm due to the laser tuning range (700 to 1000 nm). Also, there is a significant leakage of the laser light to the PMT for wavelengths shorter than 730 nm. The cut-off wavelength of the dichroic mirror (hot mirror M254H45, Thorlabs, Inc.) is (700 AE 10) nm with transmission >97% for wavelengths longer than 710 nm, whereas full width at half maximum of the laser line is ∼12 nm.
-The 2PE signal from glass (coverslips and microscope slides) is pronounced for wavelengths shorter than 730 nm. Thus, 730 nm is the shortest possible choice for the excitation wavelength to produce still high quality images.
Results and Discussion
In this study, erythrocyte membranes (ghosts) were prepared by gradual hypotonic hemolysis starting from slaughterhouse porcine and outdated human erythrocytes. During the process of gradual decrease of ionic strength of the solution surrounding erythrocytes, they swell and hemoglobin molecules leak out, leaving intact erythrocyte membranes. 13, 17, 18, 29 Preparation of ghosts was followed by an extensive washing out procedure (to remove extracellular hemoglobin released from lysed erythrocytes). However, a small amount of hemoglobin, so called residual hemoglobin, always remains bound to membranes in resulting erythrocyte ghosts. 13 Here, 2PE microscopy was used to quantify the relative decrease in hemoglobin's content at the end of the applied process of hemolysis and reveal its localization in the examined samples. All 2PE images are of the high quality by means of good signal-to-noise ratio, high visibility (contrast), high pixel resolution, and without or with minimal postmeasurement processing.
Bright-field microscopy images and corresponding autofluorescence 2PE images of starting porcine and human erythrocytes are presented in Figs. 2 and 3 , respectively. 2PE images are acquired in 1024 × 1024 pixels resolution upon 30 times averaging of raw fluorescence signal. Intensity of pseudo-red color corresponds to the 2PE signal intensity.
According to image dimensions (30 × 30 μm 2 ) and physical resolution of our experiment, which is limited by diffraction and measured to be ∼300 nm, 31 the minimal pixel resolution for faithful imaging of the object is set by Nyquist criterion to 200 × 200 pixels. In our case, 1024 × 1024 pixel resolution ensures that we overfill the Nyquist criterion and contribute to the high quality of the images.
As evident from Figs. 2(b) and 3(b), it is possible to notice localization of hemoglobin's content even from suspensions of erythrocytes. Also, a 3-D model of examined human erythrocytes is displayed in Video 1. Due to the presence of erythrocytes' methemoglobinreductase, hemoglobin in blood is predominately in its native ferrous form 32 which is desirable for the 2PE signal measurement. 2PE images and examination of hemoglobin distribution in a single erythrocyte for both examined types are given in Fig. 4 . This result demonstrates that the resolution of the 2PE microscopy is good enough for the analysis of erythrocytes at the single cell level. As with the images in Fig. 3 , these 2PE images are the results of averaging 30 individual images. Pseudocoloring corresponds to the 2PE signal intensity. No further processing of the image was performed, the data points in graphs represent the raw 2PE signal levels.
Based on the results in Fig. 4 , we have confirmed that human erythrocytes have the normal morphology of biconcave discocytes, 33 whereas porcine erythrocytes have an echinocyte morphology. Such morphology of porcine erythrocytes is not a sign of some pathological condition but represents a common artifact in handling of porcine blood. 34 Hemoglobin, which is the dominant component of erythrocytes, follows the cells' shape which can be easily observed by comparing the bright field and 2PE images. For human erythrocytes, its lowest density is observed to be in the central area [ Fig. 4(a) ], and in peripheral parts, its distribution was homogeneous. This finding is in agreement with the reported spatial distribution of hemoglobin in healthy human erythrocytes examined by confocal Raman spectroscopy 35 and atomic force microscopy. 36 On the other hand, for porcine erythrocytes, 2PE revealed a significant accumulation of hemoglobin in cells' protrusions. As shown in the study by Parshina et al., 36 amphibian (frog) nucleated and mammalian (rat) nonnucleated healthy erythrocytes have a homogeneous distribution of cytosolic hemoglobin. Our results indicate that the deviations from the biconcave morphology of porcine erythrocytes probably affect the distribution of hemoglobin and lead to its accumulation in the cell protrusions. Taking into account that various pathological conditions are accompanied by uneven distribution of hemoglobin, 16, 37 the developed method might be useful in their diagnosis. Until now it was described that isolated sickle cell disease hemoglobin (HbS) and malaria-infected red blood cells could be analyzed and photophysically characterized by multiphoton microscopy. 28, 38 The overall presence of residual hemoglobin in the final suspensions of erythrocyte ghosts was primarily determined by cyanmethemoglobin assay (Fig. 5) . The concentration of residual hemoglobin was 7.21 and 1.76 g∕L for the porcine and human samples, respectively. This reflects the decrease in concentrations of hemoglobin by 95% and 99% in the suspension of erythrocyte ghosts compared to the starting suspensions of porcine and outdated human erythrocytes, respectively. These amounts of residual hemoglobin in erythrocyte ghosts are consistent with the range reported in other studies. 39, 40 However, the localization of residual hemoglobin in the suspension still remains unknown.
In addition to the spatial distribution of hemoglobin in intact human and porcine erythrocytes, images of residual hemoglobin in erythrocyte ghosts also can be obtained by 2PE (Figs. 6 and 7 , respectively). The intensity of the 2PE signal depends on the concentration of the hemoglobin, but also on the pulse peak power, pulse duration, repetition rate, focal volume, excitation wavelength, etc. It is a nontrivial and time consuming task to quantify the dependence of the 2PE signal on hemoglobin concentration. In other words, it is almost impossible to determine Fig. 3 Suspension of human erythrocytes: (a) bright-field microscopy image, (b) corresponding 2PE image revealing localization of hemoglobin; black, the lowest 2PE signal, red, the highest 2PE signal. Note that field of view (scale bar) is different than in a Fig. 2 . It was changed because the region of interest was wider. Fig. 4 Representative raw 2PE image of (a) human and (b) porcine erythrocyte. 2PE signal is presented in pseudocolor. Distribution of 2PE signals, i.e., hemoglobin concentration through the diameter of (c) human and (d) porcine erythrocyte. Black curves are raw data plot, red curves are obtained upon adjacent points averaging. Note that the two images are not recorded under the same experimental conditions; the intensities are not mutually normalized, thus they cannot be compared. (2) absolute concentration from the 2PE signal since one has to keep all other parameters constant in separate measurements. In order to evaluate the local change (i.e., decrease) in hemoglobin content after the hemolysis, we mixed the ghosts with intact erythrocytes. In this way, we can evaluate the local content of hemoglobin, i.e., distribution of hemoglobin across erythrocytes and ghosts, and not just an average value for a whole cell or suspension. From the image data we obtained, the variation of intensity along appropriately chosen representative lines is shown in Figs. 6(b) and 7(b). The line is chosen in a way to intercept at least two erythrocytes and two ghosts which provide up to eight representative points positioned in the proximity of the membrane within the cells for comparison of 2PE signals.
Note that the signals from the chosen points provide highly localized data for the comparison, opposite to the cyanmethemoglobin assay, which is intrinsically an averaging method. This ensures the same excitation parameters for both erythrocytes and erythrocyte ghosts. The above procedure ensures that the peak ratio from the 2PE intensity profile is equal to the concentration ratio in the untreated erythrocyte(s) and the ghost(s). We emphasize that this simple step enables us to determine changes in the content of residual hemoglobin in ghosts relative to the starting content of hemoglobin in intact erythrocytes, but not the absolute concentration. There is no significant autofluorescence signal upon two photon excitation at 730 nm from any other common molecular species that can be found in erythrocytes and which could significantly affect the obtained results, except hemoglobin. Namely, lipids and saccharides are essentially nonfluorescent, 41 while aromatic amino acids as constituents of proteins, such tryptophan, phenylalanine, and tyrosine, have an absorption maximum of 280 nm 41 and cannot contribute significantly to autofluorescence generated by two-photon excitation at 730 nm. Pyridine nucleotides NADH and NADPH have an absorption maximum of 340 nm 42 and FAD has two excitation maxima at 360 and 450 nm. According to their excitation maximum, they could contribute the autofluorescence generated by two-photon excitation at 730 nm. However, their molar ratios to hemoglobin within erythrocytes (calculated based on data given in several studies) [43] [44] [45] are completely negligible. As can be seen from Figs. 6 and 7, after the conversion of erythrocytes to empty erythrocyte membranes, fluorescence emission from hemoglobin significantly decreased, but was still detectable. Therefore, the applied process that we used allows the production of ghosts; however, a certain amount of the hemoglobin always remains bound to the membrane. Comparing the peak values from Figs. 6(d) and 6(e) (red curves) to those in Figs. 6(f) and 6(g), one can estimate lower fluorescence emissions for both porcine and human erythrocyte ghosts in comparison to respective erythrocytes. Our results suggest that residual hemoglobin in the suspension was localized on the intracellular side of the ghost membranes. The 2PE signal in the internal volume of both, human and porcine erythrocyte ghosts, is at the noise level, thus hemoglobin content is negligible. These results support already reported data on hemoglobin's ability to bind to erythrocyte membranes via a transmembrane protein, e.g., band 3 46 or some other cytoskeleton proteins via α globin chains. 47 This phenomenon that we have confirmed by 2PE microscopy could be used as a valuable marker of inevitable oxidative damages 48 emerged during in vitro storage and erythrocytes handling. The higher concentration of residual hemoglobin obtained in porcine ghosts relative to initial concentration can be explained by specific membrane lipid composition and their high susceptibility to oxidative stress induced by reactive oxygen species 49 related to a lower level of enzymes protectants against oxidative damages.
50
Erythrocyte ghosts are extensively studied systems and have numerous potential applications. In addition to their usage as controlled drug delivery systems, they represent one of the most promising in vitro systems for drug partitioning studies and determination of the drug partition coefficient Kps. 51 In food science they are used for an estimation of antioxidant activity of different nutritional compounds. 52, 53 Erythrocyte ghosts are suitable models for investigating membrane transport phenomena, 54 glucose translocation through biological membranes, 55 uptake and metabolism of different compounds, 56 etc. It is interesting to note that despite their widespread application, there are no studies estimating residual hemoglobin although it may significantly affect the quality of the final product. Apart from the mentioned study that suggests a positive correlation between the total content of membrane-bound hemoglobin and the level of oxidant stress, 48 it has been shown that iron from membrane-bound hemoglobin catalyzes the formation of reactive oxygen species which attack the cell membrane. This leads to peroxidation of membrane unsaturated lipids and disturbed structure and function of the membrane 57 and may directly affect the quality of the final product and/or obtained results.
In addition to using 2PE microscopy for analysis of erythrocyte ghosts as in the mentioned model or drug delivery systems, the results of this study also open a possibility of using 2PE microscopy in analysis of the spatial distribution of hemoglobin in erythrocytes in different physiological and pathological conditions. The spatial distribution of hemoglobin within erythrocytes can give information of the oxygen-transport capability and help by providing accurate diagnosis and appropriate treatment in erythrocytes disorders both in humans and animals.
Conclusion
In this study, we have demonstrated that 2PE microscopy can be used in analysis of the spatial distribution of hemoglobin in erythrocytes and erythrocyte ghosts, at an individual cell level. Although the maximal excitation efficiency for hemoglobin is at shorter wavelengths, high quality images can still be obtained using femtosecond pulses at 730 nm directly from a Ti:Sa oscillator. As opposed to the common spectroscopic methods such as cyanmethemoglobin assay that is intrinsically averaging, providing results for hemoglobin concentration drop after the hemolysis process in the bulk sample, 2PE microscopy gives results on hemoglobin localization and its fluorescence intensity change in randomly chosen points within the ghosterythrocytes sample. Obtained results suggest that residual hemoglobin in erythrocyte ghosts, either human or porcine ones, is located mainly near the cell membrane rather than uniformly distributed. In addition, 2PE microscopy enables imaging of the distribution of hemoglobin in the protrusions of erythrocytes with morphology of echinocytes, thus it can be used for mapping of hemoglobin in erythrocytes morphologically different from the normal discocytes.
High-quality, label-and fixation-free visualization of hemoglobin can be achieved at 730-nm excitation wavelength. The 2PE fluorescence signal from residual hemoglobin at representative points near the cell membrane in the ghosts was reported to have lower intensity than at the corresponding points in intact erythrocytes. Obtained results suggest that residual hemoglobin in erythrocyte ghosts is located mainly near the cell membrane rather than uniformly distributed.
In such a way, through an application of 2PE microscopy hemoglobin distribution in erythrocytes together with residual hemoglobin content and distribution in the resulting erythrocyte ghosts can be directly and relatively easily estimated. The proposed method could be of significant importance for identifying different pathological or nonpathological conditions and application in material selection in biotechnological processes.
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